https://mc06.manuscriptcentral.com/cjpp-pubs Canadian Journal of Physiology and Pharmacology D r a f t 2 ABSTRACT Despite significant advances in the management and treatment of heart disease in children, there continue to be patients who have worse outcomes than might be expected. A number of risk factors that could be responsible have been identified. Evidence based findings will be reviewed including whether young age and/or reduced body weight exacerbate these responses.
INTRODUCTION
Despite significant advances in the management and treatment of heart disease in children, there continue to be patients who have worse outcomes than might be expected. The possible reasons for this are the focus of this paper. A study in 2010 published the largest and most contemporary analysis of congenital heart disease surgical outcomes in children and reported overall annual mortality rates for children undergoing cardiac surgery as 4.1% between the years 2000 -2006 (Marelli et al. 2010 . Additionally, this study reported mortality rates decreasing with maturity and rising with increasing RACHS-1 (risk adjustment for congenital heart surgery) risk category (Marelli et al. 2010) . Interestingly, female children demonstrated a higher in-hospital mortality rate when compared to males even after adjusting for the surgical risk category (Marelli et al. 2010 ). The group of Chang et al published that, after adjusting for differences in procedure risk level and age, the odds of dying were 50% higher for females than males (Chang et al. 2002) . Other clinical research also reported that female gender was a risk factor for mortality of children undergoing surgery for congenital cardiac repair (Klitzner et al. 2006) . Specifically, when compared with males, female children requiring mechanical cardiopulmonary support had lower survival rates, and female gender was associated with 51% higher odds of death than males and 18% higher-in hospital and 30-day post-discharge mortality (Klitzner et al. 2006) . In a newborn piglet model, hearts of females had lower baseline energy and glycogen levels compared to males, which put them at greater risk during ischemia (Wittnich et al. 2011) . If this metabolic profile also occurs in children, it could be one contributor to the clinical findings reported of worse outcomes in females. In children with either cyanosis or 'High Risk' categories 4 and 5 from the Society of Thoracic Surgeons who underwent extracorporeal membrane oxygenation, the risk of stroke was higher than that in adults (Werho et al 2015) . Younger children or underweight children or those with longer extracorporeal membrane oxygenation times were at greatest risk, D r a f t 4 independent of procedural complexity (Werho et al. 2015) . It has also been identified that elevations in metabolic factors such as free fatty acids (FFA), known to be a risk factor in adults during a myocardial ischemic event, causing arrhythmias and reduced cardiac function, also has a negative impact on children undergoing congenital heart repair (Wittnich et al. 2017 ). The decrease in heart function was most notable when the FFA elevations were present in conjunction with cyanosis and/or prolonged ischemic time (Wittnich et al. 2017) .
Additionally this elevation in FFA in neonates has been recently shown to be triggered mainly by the administration of heparin prior to the initiation of cardiopulmonary bypass and that only modest elevations were noted in response to hypoxia alone (Wittnich et al. 2017) . Thus, evidence exists that neonates and infants have a higher mortality rate during cardiac surgery than adults. Furthermore, based on the limited newborn data, it seems that there is a growing trend towards females being at a disadvantage when it comes to mortality and health outcomes during cardiac surgery. Another potential predictor of worse outcomes was suggested by Werho et al., who identified that underweight children were at greater risk of stroke (Werho et al. 2015) . Whether lower body weight could also serve as a predictor for worse cardiac outcomes warrants further exploration. Some evidence exists in support of this as it was reported that nutritional status, as measured by 'weight for age Z' was associated with adverse short and long term outcomes in neonates undergoing surgery for congenital heart disease (Mitting et al. 2015) . Whether lower body weight has a possible connection with metabolic risk factors such as reduced antioxidant capacity or lower myocardial energy state which could, in turn, contribute to the above clinical observations, will now be examined.
Antioxidants:
The fetus is exposed to low levels of oxygen during gestation implying that the need for antioxidant systems at the fetal stage is low. This is supported by the findings that fetal cells exhibit only a small fraction of the antioxidant levels that are present in adult cells (Rodrigo 2009 ). However, there is a major shift when the newborn makes the transition D r a f t 5 from intrauterine to extrauterine life, triggered in part by exposure to an extrauterine environment that is much richer in oxygen (PO 2 = 100mmHg) than it previously experienced in the womb (PO 2 = 25 mmHg). Unfortunately, newborns are not equipped with the full range of antioxidants to combat this four to five fold increase in PO 2 as newborn antioxidant systems are immature and inefficient. Neonatal plasma levels also demonstrate extremely low levels of the antioxidants superoxide dismutase (SOD) and glutathione peroxidase (GPx) (Rodrigo 2009 ).
Additionally, newborns possess an increased sensitivity to free radicals and reactive oxygen species. As a result, newborns are considered high risk candidates for oxidant-mediated injury (Bandali et al 2004; Rodrigo 2009 ). This is supported by findings showing the production of malondialdehyde (MDA), a major end product of lipid peroxidation, at two times the rate in newborn red blood cells when compared to adults (Rodrigo 2009 ). Additionally, research shows that at birth, newborn blood coagulates much faster due to a marginal or deficient content of vitamin E in red blood cell membranes, which is said to also contribute to scavenger antioxidant deficiency in newborns (Rodrigo 2009 (Najm et al. 2000) . This is also associated with a greater loss of ATP during ischemia and reperfusion, impaired postoperative ventricular function, and more adverse clinical outcome (Najm et al. 2000) . These outcomes may also be exacerbated in the D r a f t 6 face of decreased levels of myocardial glycogen, as limited glycogen stores may significantly reduce tolerance of the myocardium to ischemia (Wittnich and Torrance 1994; Wittnich et al. 2011) .
Interestingly, clinical studies continue to report that lower body weight is a significant risk factor associated with lower hospital survival in children undergoing repair for congenital heart disease (Gaynor et al. 2002; Stasic et al. 2006 ). However, whether this association is simply a factor of age of the child or related to myocardial metabolic status and energetic state remains unclear. Surgeons continue to search for simple ways of identifying myocardial energetic state in children during management and surgical treatment for congenital heart disease. There is controversy, for example, with whether young age can be used as a predictor of metabolic maturity and thus act as an indicator of outcome following surgical treatment and medical management (Bove et al. 2004; Carmosino et al. 2007; Chen et al. 2004; Hasegawa et al. 2005; Kiraly et al. 2002; Modi et al. 2004; Wernovsky et al. 2001 ).
As differences in myocardial energetic state are reported to be associated with postnatal development and maturation (Hearse and Riva 1989; Modi et al. 2004; Pelouch et al. 1996; Saupe et al. 2000 ) the question of whether infant body weight would also reflect myocardial energetic state is currently unknown and was therefore explored. We examined if a relationship exists between body weight and myocardial energetic state in a subset of children undergoing repair for congenital heart disease at the Hospital for Sick Children (Toronto, Ontario). This issue was further explored using an animal model of healthy, 3 day-old newborn piglets of varying body weights.
Children -This study was approved by the medical ethics committee at the Hospital for Sick Children. Eight acyanotic (O 2 saturation >80 mm Hg) children between the ages of 4 to 21 months, ranging in weight from 3.63 to 10.3 Kg, who underwent repair for tetralogy of Fallot at the Hospital for Sick Children were studied. Right ventricular biopsies were analyzed D r a f t 7 for ATP and creatine phosphate (CP) (µmoles/g dry weight) (Smolenski et al. 1990 ) and length of ventilatory support (hours), intensive care unit (hours) and hospital stay (days) were recorded (Table 1) This study is the first to show, in healthy newborn piglets of the same age, a correlation between absolute body weight and myocardial CP, creatine, and MG reserves. This suggests that within a newborn age, body weight may indeed predict myocardial energetic reserves.
Newborns with lower body weights demonstrated a lower energetic state defined by lower high-energy phosphates in the form of CP, and lower substrates used to produce usable energy, creatine and glycogen. More importantly, these results were also in part confirmed in children undergoing congenital heart surgical repair. To summarize, newborns and children with lower body weights, and thus a lower energetic state, may be at a greater metabolic risk during periods of myocardial stress such as that endured during congenital heart surgical intervention and during the use of inotropes. If so, a clinical consequence could be extended intubation times as well as longer time spent in the intensive care unit.
Body weight is strongly believed to represent a newborn's health and nutritional state.
Birth weight for example evaluates maturity solely after intra-uterine growth, while postnatal measurements of body weight provide useful information about the quality and quantity of growth during both intra-uterine and early extra-uterine development (Rigo et al. 2001; Spencer 2003) . As a result, body weight is one of the most common measurements used when assessing nutritional status (Rigo et al. 2001) . Birth weight, and the amount of weight gained during early life has also been strongly associated with the development of a number of diseases (non-insulin dependent diabetes mellitus, coronary heart disease) and identified as risk factors for those diseases (glucose intolerance, hypertension) in early adolescent and adult life (Barker et al. 2005; Forsen et al. 2004; Harding 2001) . It is reasonable therefore to suggest that body weight may in fact predict myocardial metabolic maturity and thus energetic state, particularly during the early newborn period. As shown in figure 3 , high-energy phosphates play an essential role in the normal function of the myocardium. Both human and animal studies have shown that the levels of high-energy phosphates in the myocardium are related to D r a f t 9 myocardial function before, during, and after periods of ischemia (Hammon et al. 1987; Riebel and Rovetto 1978) . Reduced energetic reserve as indicated by low CP and CP/ATP ratios significantly limits cardiac performance (DeSousa et al. 1999; Gercken and Schlette 1968; Hammon et al. 1995; Liao et al. 1996; Nascimben et al. 1996; Neubauer et al. 1997 ; Zweier and Jacobus 1991) and tolerance to injury during a metabolic stress (Asimakis et al. 1992; De Sousa et al. 1999; Jennings et al. 1978) . For example, studies in isolated rabbit hearts have
shown that a 20% decrease in CP levels strongly depressed left ventricular output (Gercken and Schlette 1968) . In children undergoing repair of tetralogy of Fallot, those with lower preoperative myocardial energy levels had greater loss of ATP during ischemia and reperfusion, impaired postoperative ventricular function, and more adverse clinical outcome (Najm et al. 2000) . Low CP/ATP ratios are also reported to be a very sensitive predictor of mortality in patients with heart failure due to dilated cardiomyopathy (Neubauer et al. 1997 ).
Thus any factor that may limit production of ATP during a stressful episode may significantly affect outcome during surgical management and treatment of children with congenital heart disease. ATP is regenerated from ADP via the transfer of a high-energy phosphate from CP (figure 3), thus CP is one of the first substrates utilized by the cell to maintain ATP levels during a metabolic stress. For example, low CP levels prior to an ischemic event may lead to a more rapid depletion of ATP, quicker onset of cellular injury, and thus lower ischemic tolerance. Although no relationship was found in newborn piglet between baseline myocardial ATP and body weight, this study identified a significant positive correlation between myocardial CP and body weight with animals weighing less having lower CP reserves. This possibly indicates that animals with lower body weight are either more reliant on their CP reserves to maintain normal ATP levels, or that these animals have a reduced ability to produce adequate CP reserves. Regardless of the mechanism at play, when faced with a metabolic stress such as ischemia during cardiac surgery or use of inotropes, lower body weight newborns with D r a f t lower myocardial CP reserves may be at greater metabolic risk due to more rapid depletion of ATP levels.
The relationship between myocardial CP and body weight may also indicate differences in the maturation of creatine kinase (CK), the enzyme responsible for the shuttling of high energy phosphates between CP and ATP (figure 3). Several studies have shown that CP levels increase with myocardial maturation, which is primarily due to the increase in total CK activity following birth (Pelouch et al. 1996; Saupe et al. 2000) . The maturation of enzymes following birth is typically due to the presence or absence of substrate and co-factors. One of the main substrates involved in CP production via CK is creatine. Studies in sheep and mice have determined that total creatine levels in heart and skeletal muscle increase after birth, and parallel the increase in CK activity with maturity (Ingwall et al. 1981; Zandt et al. 2003) . Our results indicate that, within a specific newborn piglet age (3 days old), body weight also correlates with myocardial creatine levels, suggesting that lower body weight newborns have a reduced capacity to produce CP due to lower creatine levels and possibly a more immature CK system. Creatine is strongly believed to regulate cardiac energetics (Wyss and KaddurahDaouk 2000) and its depletion has been shown to significantly limit the ability of the heart to increase its workload and reduce dynamics of ATP utilization (Zweier and Jacobus 1991).
Taken together, the lower body weight newborns with lower CP and creatine levels may be less responsive to increased workload demands such as that placed on their hearts during surgical intervention.
In addition to high energy phosphate supply via the creatine phosphate shuttle, another marker of a newborn's energetic state is MG. MG represents the main stored form of glucose in the cell and is used to produce ATP via substrate-level and oxidative phosphorylation pathways (figure 3). Interestingly, with respect to maturity, glycogen levels are reported in animal studies as being high during fetal life and declining after birth (Hearse and Riva 1989) .
Our findings showed that newborns with a lower body weight had lower MG compared to heavier age-matched newborns. In this study, net MG content was measured which reflects the balance between glycogen production and consumption. It is likely that newborns with lower body weight are more dependent on glycogen stores than heavier newborns, and thus consumed more to maintain adequate ATP levels. Having lower MG reserves may significantly reduce a newborn's tolerance to low oxygen/ischemic stress as MG metabolism via anaerobic glycolysis becomes the main source of ATP production under these conditions. A previous study has demonstrated that a 70 % reduction in pre-ischemic myocardial glycogen reserves resulted in a 70 % and 40 % decrease in the time to onset and peak ischemic contracture respectively (Gaynor et al. 2002) . In this study, lower weight newborns demonstrated a similar 70 % lower cardiac glycogen reserve which could thus significantly limit their heart's tolerance to any ischemic event.
Studies investigating body weight as a factor that may predict postoperative outcome are currently in disagreement. Recent retrospective analyses of low-weight infants suggest that congenital cardiac repair or palliation of several defects can be safely performed with acceptable rates of mortality and morbidity (Bove et al. 2004; Oppido et al. 2004; Reddy 2001) . However, in studies focusing solely on more complex congenital defects, such as single ventricle pathologies, infants with low body weights had much lower hospital survival rates (Gayor et al. 2002; Stasic et al. 2006; Wernovsky et al. 2001) . One possible explanation for this discrepancy in the literature may be that repair of complex congenital cardiac diseases requires longer cardiopulmonary-bypass and circulatory arrest times (Oppido et al. 2004) . The lower weight infants may be unable to tolerate this due to their lower total anaerobic energy reserve (MG + ATP + CP), representing the total amount of usable sources of energy under anaerobic conditions. This may in part be confirmed by the findings in this study in which D r a f t children with lower body weights undergoing congenital heart surgery also demonstrated the need for longer ventilatory support and prolonged intensive care unit stay.
CONCLUSION
In addition to young age, female gender and cyanosis, body weights of children suffering from congenital heart disease that are about to undergo surgical intervention appear to reflect their myocardial energetic state. Lower body weights correlated to reduced CP, which may significantly reduce the ability to generate ATP and affect cardiac performance during stress such as that seen during congenital heart surgery or increased workload. Therefore, compromised myocardial energetic state in children undergoing congenital heart repair may furthermore impair clinical outcomes, since those with lower body weights also required longer ventilatory support and intensive care unit stays. Even in the absence of any cardiac pathology, using a newborn animal model, body weight was a useful predictor of anaerobic myocardial energy reserves used to produce ATP. Despite having normal ATP levels, newborns with lower body weights have both reduced CP, creatine, and MG reserves prior to any cardiac stress.
Equipped with this knowledge, surgeons can design more effective clinical management strategies through early identification of high-risk children based on lower body weight. 
Figure 2c
Body Weight (Kg) Figure 3 . Simplified diagram of key differences in myocardial energetics in newborns (bolder arrows) compared to adults. Specifically newborn hearts rely mostly on glycolysis (glucose & glycogen) for energy production while adult hearts depend on β-oxidation (free fatty acids). ADP = adenosine diphosphate; ATP = adenosine triphosphate; CK = creatine kinase; Cr = creatine; CP = creatine phosphate; ETC = electron transport chain; FFA = free fatty acid; G6P = glucose -6 -phosphate; TCA = tricarboxylic acid.
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